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Abstract
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Note, comments by the author that are not intended to be part of the final document are
introduced by: “[ed —".
APS comments on draft of 13/9/01 marked thus

Clause 6 _Physical Layer Models

The outline of thisclauseisasfollows. Section 6.1 introduces concepts that are ussful for
understanding the physicd layer models, while Section 6.2 gives the path loss modd.

Section 6.3 describes an andyticd modd thet is suitable for extended MAC-layer smulations.
Section 6.4 discusses a smulationbased model that is more accurate but also more computationaly
intensive. Presently, the results provided by the two models are not directly compared because of
different definitions of Sgnd-to-interference ratio.

6.1 Physical Layer Model Concepts

This section introduces concepts that are common to the physica models described in this clause. The
maost powerful smplifying concept in thismodd isthe period of stationarity (POS). Thisis the period
over which the parameters defining the transmissions of the devices being modded do not change.

Consder the example shown in Figure 1. Here an 802.15.1 device transmits two packets. An 802.11b
device transmitsasingle PHY protocol data unit (PPDU) using 11Mbps modulation type for the PHY
service data unit (PSDU). The start of the PHY layer convergence protocol (PLCP) header overlaps
the end of the first 802.15.1 packet. The end of the PSDU overlaps the art of the second 802.15.1
packet. There are six periods of stationarity. Note that a new POS starts at the end of the PLCP
header because the modulation type changes at this point.
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Figure 1 - Example showing Periods of Stationarity
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By definition, during the POS the transmit power and modulation type do not change, and the position
of the devices (and hence link loss) is constant. So receiving nodes experience congtant sgnd, noise and
interference powers from which a BER vaue can be cdculated or smulated.

6.2 Path Loss Model

The path losswe useis given by Equation 1 and shown in Figure 2. This path loss model is described in
[ ed- cite Kamerman, |EEE 802.11-00/162, “ Coexistence between Bluetooth and |EEE 802.11
CCK Solutions to avoid mutual interference” ] . Peth loss follows free-space propagation
(coefficient is 2) up to 8m and then attenuates more rapidly (with a coefficient of 3.3).

Note that the model does not apply below about 0.5m due to near-field and other implementation
effects.

Equation 1- Path L oss ver sus distance (m)

Path Loss=40.2 + 20log(d) , d<8m
Path Loss=58.5+33log(d/8), d>8m
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Figure 2- Path L oss (dB) versusdistance (m)

6.3 Analytical model for IEEE 802.11b and IEEE 802.15.1
transmissions
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6.3.1 Introduction

This section describes the analytical modd that dlows the bit error rate (BER) to be calculated for
802.11b and 802.15.1 packets in the presence of mutua interference.

6.3.2 Model Interface

The modd is supplied with device positions and transmisson parameters. The mode caculates the
BER derived from those parameters.

The parameters described in Table 1 are supplied to the PHY mode for each transmission that is active
during a POS.

Tablel - Transmission Parameters

Field Description
Source Position Device postion specified usng Cartesan Coordinates
Dedtination Pogtion
Modulation Type Type of modulation used by the tranamitter. One of:
- 802.15.1
802.11b 11Mbps
802.11b 5.5 Mbps
802.11b 1Mbps
- 802.11b 2Mbps
Tranamit Power Transmit power
Frequency Center frequency of tranamisson

The output of the PHY model isaBER vaue a the recaiver of each transmission.

6.3.3 BER Calculation
Figure 3 shows the BER caculation in diagrammatic form.

The intended transmission is attenuated by the path loss (defined in section 6.2) to thereceiver. Thisis
the sgna power a the receiver. Each interfering transmission is atenuated by its path lossto the
receiver and by the spectrum factor (defined in 6.3.4) to account for the combined effect of receiver
and transmitter masks and frequency offset. The resulting interference powers are added to give the
tota interference power. The signd to noise and interference (SNIR) vaue isthe ratio of sgnd to total
interference power a therecaiver. The BER is caculated from the SNIR as defined in 6.3.7.
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Figure 3 - BER Calculation

6.3.4 Spectrum Factor

The spectrum factor represents the combined effects of tranamitter and receiver masks (defined in
6.3.6) and frequency offset. It dso includes the effect of any CCK coding gain.

There are four possible combinations of transmitter and receiver. The spectrum factor is defined to be

unity for like transmitter and receiver with a zero frequency offset. Other spectrum factors are defined
by Table 2 to Table 4.

Table2 - Spectrum Factor Valuesfor 802.15.1 Receiver

Transmitter Receiver Frequency offset (d) in MHz
1 2 3 Other
802.15.1 802.15.1 8.9433E-02 | 1.7943E-04 | 8.9433E-06 7.9433E-06
802.11b 802.15.1 8.0433E-2 | 1.0794E-03 1.0079E-03, d<=11
1.7943E-05, d>11

Table 3 - Spectrum Factor Valuesfor 802.15.1t0 802.11b

Transmitter Receiver Frequency offset (d) in MHz
12 13 14 Other
802.15.1 802.11b 7.3197E-02 | 3.5219E-04 | 2.5219E-04 1.0, d<12
(1& 2Mbps) , d=14 2.5119E-04, d<23
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2.5119E-06, d>=23

802.15.1 802.11b 1.1601E-02 | 5.5818E-05 | 3.9969E-05 1.0, d<12

(5.5& 11 Mbps) 3.9811E-05, d<23
3.9811E-07, d>=23

Table4 - Spectrum Factor Valuesfor 802.11b Self Interference

Transmitter Receiver Frequency offset (d) in MHz
11 22 Other
802.11b 802.11b 0.5 6.7360E-03 1.2512E-05

6.3.5 SNIR Computation

The SNIR is given by the ratio of the received signal power to the tota received interference power.
Note that the powers are calculated after the spectrum factor has been applied, and so thisratio
corresponds to the vaue after the receiver filter.

Recalver noiseis not consdered in this modd.

6.3.6 Transmit and Receive Masks
The transmit and recelve masks used are defined in Table 5 and shown in Figure 4.

Table5 - Transmit and Receive masks

Transmit Receive

Submisson Pege 6 Jm Lansford, Adrian P Stephens,
R. E. Van Dyck, A. Soltanian



October, 2001

| EEE P802.15-01/444R1

Frequency Offset (MHz) Frequency Offset (MHz)
Attenuation (dB) Attenuation (dB)
0 0
0 0
—
o) 1 1
- -20 -11
N
8 2 2
-40 -41
3 3 and greater
-60 51
4 and greater
full attenuation
Frequency Offset (MHz) Frequency Offset (MHz)
Attenuation (dB) Attenuation (dB)
0 0
o 0 0
—
— 1to 11 1to 12
N
S -30 -12
0
12 and greater 13to 36
-50 -36
37 and greater
-56
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Figure4 - Transmit and Receive masksfor 802.15.1 and 802.11b

When calculating the effects of an 802.15.1 packet on an 802.11b 5.5Mbps or 11Mbps packet, a
CCK coding gain of 8dB is used.

Submisson

Page 8

Jm Lansford, Adrian P Stephens,

R. E. Van Dyck, A. Soltanian




October, 2001 | EEE P802.15-01/444R1

6.3.7 BER calculation based on SNIR

The Symbol Error Rate (SER) is calculated for each modulation type based on the SNIR at the
receiver. Thisisthen converted into an effective BER given the number of bits per symboal.

The sections that follow describe the BER calculation for the different modulation types.
6.3.7.1 BER caculation for 802.15.1 Modulation

Assuming envelope detection of orthogona FSK, the BER is given directly by.
BERs2.151=0.5" exp(- NIR/2)

6.3.7.2 BER Cdculation for 802.11b 1Mbps

The probability of error in asymbal in the presence of AWGN is given by:

P=QY/d /2N,

Where d is the minimum distance between any two points in the sgnd congellaion and Ny isthein-
band noise power a the receiver. The Q function is defined in section 6.3.7.6.

In the case of a802.11b 11Mbps chip, the modulation schemeis differential BPSK. This hasthe
effect of doubling the effective noise power a the receiver .

Prspac crip = Q(«/d2 / 4N, ) where Nc is the noise energy per chip.
Thevdueof d can be determined by plotting the modulation constelation of BPSK placing the sgnd
points a a distance of E from the origin, where Ec isthe received signd energy per chip. Thus

Obepsc-crip = 24/ E. . S0 now:

Pogpsc crip = Q(V Ec/Ne )

Thisisthe probability of an error in an individual 11Mbps chip.

To include the effect of the soreading code, the squared distance is summed over each chip. Inthe case
of 802.15.1 1Mbps modulation, the 11-chip spreading code results in the squared distance being
multiplied by afactor of 11. 2

GVINg Byeps smiso. = QWAL SNIR), where SNIR = Eo/Nc

Thisisthe IMbps symbol error rate. It is aso the IMbps BER, because each symbol encodes asingle
bit.

! This doubling is slightly pessimistic for BPSK under conditions of high SNIR.
% An alternative approach giving the same result is to consider the spreading sequence to be a block code of length
1.
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6.3.7.3 BER Cdculation for 802.11b 2Mbps
This caculation follows the treatment for the 1IMbps caculation with afew differences.
The 2Mbps rate uses 11IMbps DQPSK chips. The minimum distance between points in the QPSK

congtdlation isreduced by afactor of 2 (compared to BPSK) giving dospsc.chip = /2E¢ .

This subdtitution results inB,,5p5. syvsor = Q(«/ 55" NI R).

Each 2Mbps symbol encodes two bits. However, because the symbols are gray coded, a decoding
error between adjacent DQPSK congellation points yields only asingle bit error in the decoded 2Mbps
bitstream 3. So this symbol error rate is aso the required BER.

6.3.7.4 802.11b 5.5 Mbps BER Calculation
The symbal error rate can be determined by treating the modulation as a block code in the presence of

AWGN interference. The generd symbol error raeisé Q(JZ' NR R™W, ) where R isthe
code rate, W, is the codeword distance and the sum is over dl other codewords.

For 802.11b 5.5 Mbps, the symboal error rate, SER; s, is given by:
SER5=14" Q8" NIR)+Q(/16” SNIR)

Aseach symbol encodes 4 bits, the effective BER is
BER=min (- (1- SER)"*,0.5)

in which the value has aso been limited to 0.5 .

6.3.7.5 802.11b 11 Mbps BER Cdculation
For 802.11b 11 Mbps, the symbal error rate, SERy; isgiven by:

SR,= 24" QW4 sR)+16" Q(6” SNIR)+174” Q[YB” SNIR)+
16" Q10" SNIR)+24” Q(vi2” SNIR)+Q[v16” SNIR)
As each symbol encodes 8 hits, the effective BER is
BER=min (- (1- SER,)"%,0.5)

6.3.7.6 Q Function Definition
The Q function is defined as the area under the tail of the Gaussian probability dengty function with zero
mean and unit variance.

v
1 L
Q== 7o

% Errors between adjacent DQPSK constellation points are much more likely that errors between opposing
constellation points.
* BER values larger than 0.5 are meaningless.
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In thismodd, afifth-order approxi mation to Q(X) is used:
& 8+9x° +x* Q

1
Q(X)_«/E ) 515x+10x +

6.3.7.7 SNIR Limits
The smulation is smplified by assuming that above a certain SNIR the BER is effectively zero and
below a certain SNIR the BER is effectively 0.5. These limits are defined in Table 6.

Table6 - Assumed Limitson SNIR

Receiver | Upper limit on SNIR | Lower limit on SNIR
802.11b 10dB -3dB
802.15.1 20dB 1dB

6.3.7.8 BER versus SNIR Reaults

Refer to section ??? for a presentation of the results of the andytica modd.

Section 77? BER versus SNIR Results
(Ed - please move into results sections in merged document)

Figure 5 shows the results of calculaing BER for SNIR vaues in the range —15 to 20dB for each
modulation type °.

® The results for 802.11b 11Mbps do not show calculated values for SNIR < -2dB due to limitations of the tools used.
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Figure5—BER versus SNIR for 802.11b and 802.15.1 M odulation Types

6.4 Physical Layer Simulations

6.4.1 Introduction

Aps | wonder if some of this description should move up into a common section before the analytical

modding section.

In this subsection, we discuss the modeling of the physical layers of the |EEE 802.15.1 (Bluetooth) and
IEEE 802.11b (WLAN) systems, and then we examine their bit error rate performances in interference-
limited environments.  Complex baseband models are used for both Bluetooth and WLAN, and the
performance is determined using Monte Carlo simulation methods. The resulting performance curves are
quite accurate, but they are obtained at the expense of significant computation. While the analytica
model uses transmitter power and distance as input parameters, the ssimulation model uses the signal-to-
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noise ratio (SNR) and the signal-to-interference ratio (SIR).  In both cases, the output is bit error rate
(BER).

The outline of the section is as follows: Section 6.4.2 describes the model for Bluetooth, while Section
6.4.3 does the same for 802.11b.  Section 6.4.4 contains results for the 802.11b system in the presence
of interference from Bluetooth, and Section 6.4.5 provides the results for Bluetooth in the presence of an
802.11b interferer. Some of the text and the figures have been taken from~\cite{ soltanian:01} , which
aso contains additional results for flat fading channels.

The Bluetooth system operates at a channd hit rate of 1 Mbit/sec~\cite{ haartsen:00,bluetooth: 99} .
The modulation is Gaussian frequency shift keying (GFSK) with a nominad modulation index of

h; =0.32 and anormalized bandwidth of BT =0.5, where B isthe 3 dB Bandwidth of the

transmitter's Gaussian low passfilter, and T is the bit period. The Bluetooth radio employs a frequency
hopping scheme in which the carrier frequency is changed on a packet by packet basis. There are up to
79 different channels, each with 1 MHz separation. The entire structure of the simulated system is
presented in Fig.~\ref{ fig:BTawgn} . It includes the transmitter, the channel, the receiver and the
interference source. Note that the interferer can be set to have a different carrier frequency and a
random phase offset.

\epsffile{ fig/lvirBTAWGN.eps}
\caption{ Bluetooth system model.}
\label{ fig:BTawgn}

The 1 and 11 Mbits/sec modes of the IEEE 802.11b standard~\cite{ ieee802:01} are implemented. The
first rate is achieved by using differential BPSK (DBPSK) with DSSS and an 11 chip Barker code; the
chip rate is 11 Mchips/sec. The last rate is obtained using complementary code keying (CCK), dso at 11
Mchips/sec. The communications system model for the 1 Mbit/sec bit rate is presented in

Ho.~\ref{ fig:802awgn} , again consisting of the transmitter, the channel, the receiver and the Bluetooth
interference source. We explain the details of this modd in the following sections. The CCK system is
shown in Fg.~\ref{ fig:blkcck} and discussed in Section 6.4.3.2 below.
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Title:

\epsffile{ fig/virB02AWGN.eps}
\caption{ 802.11b DSSS system model .}
\label{ fig:802awgn}

6.4.2 |IEEE 802.15.1 System Model
\label{ sec:bluetooth}

6.4.2.1 The GFSK sgnd

The GFSK signal can be represented by~\cite{ murota:81, aulin:81, steele:96}
S(t,a) = Acos(2pf t +f (t,a)), \label{ GFSKBP}

f2E
where A= ?b E, istheenergy per databit, and f_ isthe carrier frequency;

aps. what isT?
a isthe random input stream, comprised of the databits a ;. f (t,a) isthe output phase deviation, given
by

n n-L
f(t,a)=2ph, &aqt-iT)+ph aa,.
i=n- L+1 i=-¥
t

where q(t) = og(t )dt , and g(t) is the Gaussian-shaped pulse of the transmitter filter.
-¥

L isthe length of g(t), and it determines the number of consecutive symbols required to transmit asingle
databit. Sending a data bit over multiple symbols makes GFSK a partia response symbol, which reduces
the required bandwidth. For Bluetooth with BT = 0.5, we have L=2, which means that a single data bit is
spread over two consecutive symbol intervals.

6.4.2.2 Interference Modd

\labdl{ seciinter}

Either a Bluetooth or an 802.11b interference signal can be represented as

S (t,b) =Bcos(2p(f, + f )t+f,(t,D)), \label{ intGFSK BP}
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where b is the random input data, which isindependent of a ,and f , depends on the type of the
interferer. f, isthe frequency difference between the desired signal and the interference. The Bluetooth
radio channels are 1 MHz apart, so f, can take valuesof 01,2,--- . MHz. The bandwidth of the 802.11b
system is 22 MHz, so we carried out smulationsfor f, £11MHz. The sampling rate is

N, = 44 samples/bit, which equals 4 samples/chip for the 802.11 DSSS system. This sampling rate is

appropriate for f, upto 22 MHz. A uniform random delay t, =[0,T) and arandom phase f , T [0,2p)

are applied to the interferer signa for each packet. It should be noted that the interference mode is
strictly concerned with the physical layer, and so it contains neither forward error correction nor
retransmission protocols.

6.4.2.3 Limiter-Discriminator with Integrate and Dump (LDI) Recever

This receiver consists of a pre-detection bandpass filter, a limiter-discriminator, and an integrate and dump
filter, asshown in Hg.~\ref{fig:BTawgn}. Thefina block isthe hard limiter, which compares the output
phase with a decision level. The pre-detection bandpass filter is a Gaussian filter with an equivalent

lowpass impulse response, h, (t) , given by~\cite{ smon:84}

h (D)= \/7 <—)<B )2

where B, isthe 3 dB bandwidth. According to Simon and Wang~\cite{ smon:84}, the optimum bandwidth
for thisfilteris B = 2B, = % The discrete impulse response of thisfilter is obtained by sampling and

truncating h, (t) . The output of the receiver pre-detection filter can be represented using its inphase and

quadrature components. For adiscussion of a digita implementation of this receiver,
please see~\cite{ soltanian:01} .

6.4.3 802.11b System Model
\label{ sec:w80211}

6.4.3.1 1 Mbit/sec DSSS

The basic 1 Mbit/sec rate is encoded using DBPSK. Thus, it is not necessary to have a coherent phase
reference in the receiver to demodulate the received signal.

This system utilizes a spread spectrum scheme to mitigate the effect of interference. The Barker
sequence with code length P = 11 is employed to spread the signal. The bit duration, T, is exactly 11 chip
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periods, T, long. The processing gain (PG) of this system is~\cite{ proakis 95} PG = & =11, where

R, :Tl isthebit rate, and R, = Ti isthe chip rate. If we calculate the power spectrum of the Barker
codes, we get~\cite{ miller:98}
s P+1 . k k 1
f)= & snc(2)d(f - —)+—d(f). \label{barker
S(f) = & (E)sne’@(f - )+ 57d(h) {barkersp}

k10

The function, Sf), isillustrated in Fig.~\ref{ fig:barker} for P=11. We see that a narrowband interference
signd -like Bluetooth- located at the middle of the spectrum will be more attenuated than an interferer
located 1 MHz away.

Ed. Note 1: replot Figure.~\ref{ fig:barker} so that the points are not connected. Also, make they axis
normaized and in dB.

Title:
limport/fs1/hol b/results/80;
Creator:

MATLAB, The Mathworks, Inc.
Preview:

\epsffile{figl/barkspec. eps}
\caption{Power Spectrum of the Barker Code.}
\'l abel {fi g: barker}

As shown in Fig.~\ref{ fig:802awgn}, the input data bits are first differentially encoded. The resulting
sequence is spread by the Barker code. The output of the spreader is fed to a square-root raised-cosine
pulse-shaping filter. The impulse response of thisfilter with aroll-off factor a can be found

in~\cite{ miller:98} The discrete time impulse response of thisfilter is obtained by sampling it.
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At the receiver, the input samples are first passed through the square-root raised-cosine matched filter.
The despreading filter is arectangular filter that integrates the output of the multiplier during a bit period.
The differential decoder compares the phase angle of the received symbol and the previous one to
generate the output bit stream. It is assumed that the chip timing of the receiver is synchronized to the
transmitter.

6.4.3.2 11 Mbitg/sec CCK

Complementary codes were originaly conceived by M. J. Golay for infrared multidit spectrometry
~\cite{ golay:61}. The complementary codes in the 802.11b standards are defined by a set of 256
symbols. Each symbol has aduration of 8 chips. They are specified by~\cite:ieee802:01}

C :[ej(f1+f2+f3+f4)’ ej(f1+f3+f4)’ ej(f1+f2+f4)’ _ ej(f1+f4), ej(f1+fz+f3), ej(f1+f3), _ ej(fl"'fz)’ ejfl],
\label{ CCK 1}

where

£.140, %, P, %} for i=1234. \label{ phiCCK 1}

Note that each chip of a symbol is complex, and so can be transmitted using QPSK modulation as
discussed below. The symbol rate is 11/8 Msymbols/sec, giving 11 Mchips/sec.

At 11 Mbits/sec, 8 bits (d0 to d7; dO first in time) are transmitted per symbol. The firgt dibit (dO, d1)
encodes f , based on DQPSK, which provides the possibility of employing differentialy-coherent

detection. We first employ a coherent receiver, assuming that the initial phase
of the signal is known. The dibits, (d2, d3), (d4, d5), and (d6, d7)

encodef ,, f,,andf ,, respectively, as specified in Table~\ref{ th:tablel} .

Dibit Pattern (d, d+1) Phase
00 0
01 p
2
10 p
11 3p
2

\caption{ QPSK Encoding.}  \label{th:tablel}

The system modd is presented in Fig.~\ref {fig:blkeck}. Only an AWGN channd is considered in this
case.
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Title:

\epsffile{ figlvirCCK .eps}
\caption{ CCK System Modd .}
\label{ fig:blkcck}

A maximum likelihood decoder determines the valid symbol that is closest to the received symbol, and it
maps that symbol back to eight data bits.  This decoding method needs a bank of 256 correlators in the
receiver. Although optimum, this method may be considered too complex for some implementations.
There are also less complex sub-optimum agorithms. By looking at the code words of CCK, one can write
these equations for the decoded phases~\cite{ vannee: 96}

f 2 = a’g{ rlr; + r3r; + rSrg + r7r8*}
fo =arg{nry +1,r, +157 +1gr}

" X " " \label{ subopt}
f,=ag{rrg +rr e +rr}
f,o=ag{re’™ +re ' +r ez +r},
where
r=[rp r,b ry r, rg rg 1, 1l \label{ subr}

isthe received symbol. We employ the above sub-optimal receiver to measure the performance in the
presence of interference.

6.4.4 |EEE 802.11b in the Presence of IEEE 802.15.1

Ed. Note 3: Replot dl the curvesusing SNR and SIR intead of CNR and CIR, respectively.

Ed. Note 4: We measure SNR and SIR at the input to the bandpass filter. Therefore, our
measurements are different from those used by Mobilian, since they define SNIR &fter the receiver’s
filter. We need to explicitly mention in the text where the measurements are made. We aso need to
compare the two sets of results and make sure they agree
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| am not in a position to make this comparison because none of the plots are visble to mein thisword
document.

| think there' s dso a potentia confusion about terminology here. The SNR, SIR and SNIR are ratios—
but we dways quote dB vaues. Thismakes“low” ratios become negative. Perhaps a note would
clarify maiters.

Now, we consider the performance of the 1 Mbit/sec 802.11b system, in an interference-limited
environment with SNR = 35 dB. Note that we measure both SNR and SIR at the input to the receiver’s
bandpassfilter. Since the system takes advantage of DSSS, one observesin

FHo.~\ref{fig:bt8021} that for co-channel interference, SIR = -11 dB is adequate to suppress the effect of
interference (BER £ 10°%). The most disturbing interference is located at f, = 1MHz, which needs a

minimum SIR of -5 dB. This difference stems from the null at the middle of the spectrum of the Barker
code as described before. For frequency offsets greater than 8 MHz, the SIR value must be very low in
order to get ahigh BER. Thisfact is due to the bandpass filter in the 802.11b receiver having high
attenuation at frequencies near 11 MHz.

Title:
limport/fs1/home/disk2/amirs/Matlab/results/BT802/bt802curvel.eps
Creator:

MATLAB, The Mathworks, Inc.
Preview:

This EPS picture was not saved
with a preview included in it.
Comment:

This EPS picture will print to a
PostScript printer, but not to
other types of printers.

\epsffile{ fig/bt802curvel.eps}

\caption{ 1 Mbit/sec 802.11b DSSS performance with Bluetooth interference. AWGN channel.
SNR=35dB.}

\label{fig:bt8021}

Fg.~\ref{ fig:cckawgn} shows the performance of the 11 Mbits/sec 802.11b CCK receiver in the AWGN
channel. The optimum receiver performs about 2 dB better than QPSK, and the sub-optimum method is
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nearly the same as QPSK. The sub-optimal system providesaBER of 10°° foran E, /N, =8 dB. It
must be noted that CCK was designed explicitly for fading channels, where its gain over QPSK is much

more significant.

Title:
/import/fs1/home/disk2/amirs/Matlab/results/cck/awgn.eps
Creator:

MATLAB, The Mathworks, Inc.
Preview:

This EPS picture was not saved
with a preview included in it.
Comment:

This EPS picture will print to a
PostScript printer, but not to
other types of printers.

\epsffile{ fig/cckawgn.eps}
\caption{ 11 Mbits/sec 802.11b CCK performance in an AWGN channel .}

\label{ fig:cckawgn}

Figure~\ref{ fig:cckBT} illustrates the performance of the 11 Mbits/sec IEEE 802.11b receiver with
Bluetooth interference. This figure indicates that the CCK modulation is more vulnerable to the
interference signal than the 1 Mbit/sec DSSS. A minimum SIR of 3 dB must be achieved to get

BER=10"*for al frequency offsets. This result is not surprising, since the CCK provides a higher bit
rate but occupies the same 22 MHz bandwidth, thereby having less of acoding gain. Generdly, the
receivers used for both 1 Mbit/sec and 11 Mbits/sec are fairly simple, and improved performance can
most likely be obtained using more sophisticated signd processing. Thisfact is especidly true for the 11

Mbits/sec CCK system.
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Title:
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\epsffilg fig/ccicckeurve.eps}

\caption{11 Miits/sec 802.11b CCK performance with Bl uetooth
interference. SNR=35 dB}

\ | abel {fig: cckBT}

6.4.5 |EEE 802.15.1 in the Presence of IEEE 802.11b
\label{ sec:Perfo}

The LDI receiver design meets the Bluetooth on Bluetooth interference specifications.  While this model
is not based on any particular implementation, it is meant to be indicative of area implementation.
Simulation results for the LDI receiver in the AWGN and Rician channels are presented

in~\cite{ soltanian:01} .

Here, we study the performance of |EEE 802.15.1 with 802.11b interference. Again, we measure SNR
and SIR at the input to the receiver’s bandpassfilter. The curvesin Figs.~\ref{fig:i802AWGN} are for
an interference-limited environment with SNR = 30 dB. The 802.11b signal looks like broadband noise at
the input to the Bluetooth receiver. The performance degradation for carrier frequency differences up to

4 MHz is dmost the same, and so we plot theresultsfor f; =0 as arepresentative case. The null in the

Barker code spectrum does not improve the performance here, as it does for the 802.11b DSSS system.
After 4 MHz, one gradually sees the effect of the pulse shaping filter of the 802.11b transmitter, which

hasanull a f, =11 MHz. Infact, the SIRvaueat f; =11MHz hasto be very low in order to cause
high BER.
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\epsifile{ fig/AWGNS8020nBT.eps}

\captior{ Bluetooth performance with 802.11b interference. AWGN channel. LDI receiver.
SNR=30dB.}

\label{ fig:iB02AWGN}

The roll-off factor a of the 802.11b transmitter determines the range of frequency offsets over which high
BERs are observed. In thissimulation, we chose a =1, so the interference signa will occupy the
maximum available bandwidth. Another observation from Fig.~\ref{ fig:i802AWGN} isthat if the SIR

value is aways greater than 6 dB, the BER for all frequency offsetsislessthan 10°. Note that asan
interferer the bit rate of the 802.11b physical layer is not important to the performance.

As a solution to mitigate the effect of interference, we use a simple two-state Viterbi receiver for
Bluetooth. It must be noted that the main problem with this Viterbi receiver isthat is assumes that the
modulation index is known. Unfortunately, the actual modulation index is alowed to vary over alarge
range. Again, we assume that the phase of the transmitted signal is known to the receiver, and we
measure the SNR and SIR at the input the receiver’ s matched filter. The performance for 802.11
interference is shown in Fig.~\ref{fig:viterbil}. A dramatic enhancement is observed in thisfigure, evi
dently at a cost of having a more complicated receiver.
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\caption{ Bluetooth Viterbi receiver performance with 802.11b interference. AWGN channel.
SNR =30 db}

\labdl{ fig:viterbi1}
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Annex ??? — Source Code for Analytical Model
This section contains source code for the Andytical Model.

Title: Anal yti cal Physical -Layer Moddel for 802.15.2 BER Cal cul ati ons
Aut hors: Ron Nevo, Josie Amer, Adrian Stephens
Mobi | i an Cor porati on 2001

This modul e contains the anal ytical PHY-Ilayer nodel used to cal cul ate
BER val ues for 802.11b and 802.15.1 transm ssions in the presence of
mut ual interference

L R

[*-- Standard Includes ----------mmmmmm oo */

#i ncl ude <stdio. h>
#i ncl ude <math. h>
#i ncl ude <stdlib. h>
#include <limts. h>

[*-- Type Definitions ---------mmommm i */

typedef enum

{

WPAN, WLAN11, WLAN55, WLAN1, W_AN2
// WPAN i s non- FEC WPAN transm ssi ons
/1 WLAN11 is 11Mo/s 802.11

/1 WLAN55 is 5.5Md/s 802.11

// WLAN1 is 1Mb/s 802.11

/1 WLAN2 is 2Mo/s 802.11

} Modul ati onType

struct Node

{
b

double x,y; [// x and y positions in nmeters

typedef Node *aNodePtr;

struct Transm ssion

{
aNodePtr src, dst;
Modul ati onType type
float txpower; // power in mW
int frequency;
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/1 freq for WPAN is a nunmber 1-79, is the center frequency
/1 freq for WLAN i s nunber 1-79, is the center frequency

doubl e BER; /1l the resulting BER
i

typedef Transm ssion *aTransm ssionPtr;

| ® o o o o o e e e e e e e o e e e e e e e e e e e e e e e e e e e eeee o -
* Function: Calcul ateAnal yti cal BER

* Description:

* This function takes a |list of transm ssions and cal cul ates
* the BER at each receiver using the analytical nodel.

*

* Paraneters: n - the nunber of transmi ssions in the list

* tlist - an array of Transm ssions each corresponding to
* an active transm ssion

* Returns: in every tlist element a cal cul ated BER val ue

extern void Cal cul ateAnal ytical BER(int n, Transmi ssion tlist[]);

[*-- MACRO Definitions --------mmmmm oo oo */

#defi ne W.AN_BANDW DTH 22
#defi ne HALF_W.AN_BANDW DTH 11
#define Pl acos(-1.0)

/1 assunme the power of WPAN reception at the same station is unit power
#define Tc 1

#define WPAN_Tx_1 inverse_db(-20.0)
/1 -20dB spurious emm sion per MHz from WPAN Tx when freq dif is 1VHz

#define WPAN_Tx_2 inverse_db(-40.0)
/1 -40dB spurious enmm sion per MHz from WPAN Tx when freq dif is 2MHz

#defi ne WPAN_Tx_3 inverse_db(-60.0)
/'l -60dB spurious emr sion per MHz from WPAN Tx when freq dif is 3VHz

#defi ne WPAN_Tx_ot her 0
/1 no spurious enmm sion from WPAN Tx when freq dif > 3MHz

#define WPAN_Rx_1 inverse_db(-11.0)
/1 -11dB adj acent channel interference from WPAN Rx when freq dif is 1MHz

#define WPAN_Rx_2 inverse_db(-41.0)
/1 -41dB adj acent channel interference from WPAN Rx when freq dif is 2MHz

#defi ne WPAN_Rx_ot her inverse_db(-51.0)
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/1 -51dB adj acent channel interference from WPAN Rx when freq dif >= 3MHz

#defi ne WLAN_Tx_next inverse_db(-30)
/'l -30dB spurious em sion from WLAN Tx when freq dif <= half bandwi dth

#defi ne WLAN_Tx_ot her inverse_db(-50.0)
/1 -50dB spurious emm sion from W.AN Tx when freq dif > half bandw dth

#defi ne WLAN_Rx_next inverse_db(-12.0)
/1 -12dB adj acent channel interference from W.AN Rx, 12 MHz

#define WLAN_Rx_mi ddl e inverse_db(-36.0)
/1 -60dB adj acent channel interference from W.AN Rx, between 13MHz- 36VHz

#defi ne WLAN_Rx_ot her inverse_db(-56.0)
/'l -60dB adj acent channel interference from W.AN Rx, >= 37MHz

#define CCK factor inverse_db(-8.0)
/1 8dB gain for CCK coding

#defi ne WLAN_EbNo_perfect 10.0 /1 if EbNo
#defi ne WLAN_EbNo_i npossible 0.5 // if EbNo
#defi ne WPAN_EbNo_perfect 20.0 /'l if EbNo
#defi ne WPAN_EbNo_i npossible 1.0 // if EbNo

10dB, perfect reception
-3dB, inpossible to receiver
13dB, perfect reception

0dB, inpossible to receive

ANV ANV

#define M N_DI STANCE 0.1
/1 two nodes in the same spot act as if they are 0.1 apart

#define abs(a) ((a)>0 ? (a) : -(a))
#define sqr(x) ((x)*(x))
#define mn(a,b) ((a)<(b) ? (a) : (b))

[*-- Forward References ------------mmmmm oo */
extern int isMdul ati onTypeWPAN( Modul ati onType foo0);

/1l returns 1 if the type is WPAN

/'l returns O otherw se

extern int isMdul ati onTypeW.AN( Modul ati onType foo0);

/1l returns 1 if the type is one of the W.ANs

/'l returns O otherw se

extern doubl e SER11(doubl e);
extern doubl e SER55(doubl e);
extern doubl e WLAN_BER_11(doubl e);
extern doubl e WLAN_BER_55(doubl e) ;
extern doubl e WLAN_BER_1(doubl e);
extern doubl e WLAN_BER_2(doubl e);
extern doubl e WPAN_BER( doubl e);

extern doubl e SpectrunfFactor(Transm ssion &Src, Transm ssion &Dest);
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extern doubl e Distance(Transm ssion &Src, Transm ssion &Dest);
extern doubl e Power Di st ance(Transni ssion &Src, Transm ssion &Dest);

extern double inverse_db(double);
extern doubl e db(double);

[*-- Local FUNCEiONS ------ oo m o m oo oo */

int isMdul ati onTypeWPAN( Modul ati onType f 00)

{
switch (foo){
case WPAN: return 1;
default: return O;
}

}

int isMdul ati onTypeW.AN( Modul ati onType fo00)

switch (foo){
case WLAN11l: return 1;
case WLANS5: return 1;
case WLAN1: return 1;
case WLAN2: return 1;
default: return O;
}

}

/'l conmpute db fromreal
doubl e db(doubl e x)

{
}

return(10 * 10gl0(x));

/'l compute real from db
doubl e inverse_db(doubl e x)

{
}

return(pow(10.0, x /10));

/1l compute the Q function using approximtion Q5
doubl e Q 5(doubl e x)

{
doubl e x2, x3, x4, x5, x6;
X2 = X*X;
X3 = Xx2*x;
x4 = x3*X;
X5 = x4*x;
X6 = x5*Xx;
return(exp(-x2/2) * (x4+9*x2+8) /(x5+10*x3+15*x) / sqrt(2*Pl));
}
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/1l conmpute the codeword error probability of 802.11b 11Mops
doubl e SER11(doubl e Eb_No)
{
doubl e res;
res = 24*Q 5(sqrt(4*Eb_No)) +
16*Q 5(sqrt (6*Eb_No)) +
174*Q 5(sqrt(8*Eb_No)) +
16*Q 5(sqrt (10*Eb_No)) +
24*Q 5(sqrt(12*Eb_No)) +
Q 5(sqrt(16*Eb_No));
return(mn(res, 0.99999));
}

/'l conmpute bit error rate from Eb/No for 802.11b 11Mops
doubl e WLAN_BER_11(doubl e Eb_No)

{
i f(Eb_No > WLAN_EbNo_perfect)
return O;
/1 if Eb/No nore than some threshold, perfect reception
el se i f(Eb_No < WLAN_EbNo_i npossi bl e)
return 0.5;
/1 if Eb/No |less than some threshold, inpossible to receive
el se
return(m n(1-pow((1-SER11(Eb_No)),1.0/8),0.5));
}

/'l compute the codeword error probability of 802.11b 5. 5Mps
doubl e SER55(doubl e Eb_No)

{
doubl e res;
res = 14*Q 5(sqrt(8*Eb_No)) +
Q 5(sqrt(16*Eb_No));
return(mn(res, 0.99999));
}

/1l conmpute bit error rate from Eb/No for 802.11b 11Mbps
doubl e WLAN_BER_55( doubl e Eb_No)

{
i f(Eb_No > WLAN_EbNo_perfect)
return O;
/1 if Eb/No nore than some threshold, perfect reception
el se i f(Eb_No < WLAN_EbNo_i npossi bl e)
return 0.5;
/1 if Eb/No less than some threshold, inpossible to receive
el se
return(m n(1-pow(1- SER55(Eb_No),1.0/4),0.5));
}

/'l compute the function nunmber of choice of k elements fromn
int choose(int k,int n)

{

int i;
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int res = 1;
for(i=n;i>n-k;i--)
res *= i;
for(i=1;i<=k;i++)
res /=1i;

return(i);

}

/1 conpute the BER for W.AN 1Mops, the BER is Qsqrt(11*2*Eb_No/ 2))
doubl e WLAN_BER_1(doubl e Eb_No)

{
i f(Eb_No > WLAN_EbNo_perfect)
return O;
/1 if Eb/No nmore than some threshold, perfect reception
el se i f(Eb_No < WLAN_EbNo_i npossi bl e)
return 0.5;
/1 if Eb/No |less than some threshold, inpossible to receive
el se
return(m n(Q.5(sqrt(11*2*Eb_No/2)),0.5));
}

/1l conmpute the BER for W.AN 2Mops, the BER is Q(sqrt(5.5*2*Eb_No/ 2))
doubl e WLAN_BER_2( doubl e Eb_No)

i f(Eb_No > WLAN_EbNo_perfect)
return O;
/1 if Eb/No nore than some threshold, perfect reception
el se if(Eb_No < WLAN_EbNo_i npossi bl e)
return 0.5;
/1 if Eb/No less than some threshold, inpossible to receive
el se
return(m n(Q.5(sqgrt(5.5*2*Eb_No/2)),0.5));
}

/'l conmpute the BER for WPAN
doubl e WPAN_BER( doubl e Eb_No)

{
i f(Eb_No > 20)
return O;
/1 if Eb/No nore than 13dB, perfect reception
else if(Eb_No < 1)
return 0.5;
/1 if Eb/No |less than 0dB, inpossible to receive
el se
return(m n(exp(-Eb_No/2),0.5));
}

doubl e Di stance(Transm ssion &Src, Transnm ssion &Dest)

{
return(sqrt(sqr(Src.src->x-Dest.dst->x) + sqr(Src.src->y-Dest.dst->y)));
}
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/1 power as function of distance
doubl e Power Di st ance( Transm ssion &Src, Transnm ssion &Dest)
{
doubl e power _dO, di st;
di st =Di stance(Src, Dest); // calc distance function
if (dist < M N_DI STANCE)
di st = M N_DI STANCE;

i f(isModul ati onTypeWPAN(Src.type)) { /1 transmtter is WPAN,
power _d0 = Src.txpower;
}
else // transmitter is W.AN
i f(isModul ati onTypeWPAN(Dest.type)) // receiver is WPAN,
power _dO0 = Src.txpower/ W.AN_BANDW DTH,;
el se
power _dO = Src.txpower; // receiver is WAN
if(dist <8) [/ use 40.2+20l0g d for <8M power |oss
return(power_d0/ (pow(dist,2.0) * pow(10.0, 4.02)));
el se /1l use 58.5 + 33log(d/8) for >8M power | oss
return(power_d0O/ (pow(dist/8.0,3.3) * pow(10.0, 5.85)));

}

doubl e SpectrunfFactor(Transm ssion &Src, Transm ssion &Dest)
/1 (int srcO, int src,int dest)

/] dest is listenin to srcO

/1l dest gets interference fromsrc

{
int freg_dif;

i f (i sModul ati onTypeWPAN( Dest.type))
i f(isModul ati onTypeWPAN(Src.type))
{
/1 both src and dest WPAN
freq_dif = abs(Src.frequency - Dest.frequency);
switch(freqg_dif) {
case 0:
/'l frequency collide
return(l1.0);
case 1:
return( WPAN_Tx_1+WPAN_Rx_1);
case 2:
return( WPAN_Tx_2+WPAN_Rx_2);
case 3:
return( WPAN_Tx_3+WPAN_Rx_ot her);
def aul t:
return( WPAN_Tx_ot her +WPAN_Rx_ot her);
}
}
el se
{
/1 src WLAN and dest WPAN
i f(Dest.frequency >= Src.frequency + HALF_W.AN_BANDW DTH)
freq_dif = Dest.frequency - (Src.frequency + HALF_W.AN_BANDW DTH) + 1;
el se if(Dest.frequency <= Src.frequency - HALF_W.AN_BANDW DTH)
freq_dif = (Src.frequency - HALF_W.LAN_BANDW DTH) - Dest.frequency + 1;
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else //

if(i

el se
freq_dif = 0;
switch(freqg_dif) {
case 0:
/1 frequency collide
return(1.0);
case 1:
return( WLAN_Tx_next +WPAN_Rx_1);
case 2:
return( WLAN_Tx_next +WPAN_Rx_2);
defaul t:
i f(freq_dif<=HALF_W.AN_BANDW DTH)
return(W.AN_Tx_next +WPAN_Rx_ot her);
el se
return( WLAN_Tx_ot her +WPAN_Rx_ot her);

}

dest WLAN

sModul ati onTypeWPAN( Src. type)) {
/1 src WPAN, dest WLAN
doubl e sf;

if(Src.frequency >= Dest.frequency + HALF_W.AN_BANDW DTH)

freqg_dif = Src.frequency - (Dest.frequency + HALF_W.AN_BANDW DTH) + 1;
else if(Src.frequency <= Dest.frequency - HALF_W.AN_BANDW DTH)

freq_dif = (Dest.frequency - HALF_W.AN BANDW DTH) - Src.frequency + 1;
el se

freq_dif = 0;
switch(freqg_dif) {
case 0:

/'l frequency collide

sf = 1.0;

br eak;
case 1:

sf = WPAN_Tx_1+WPAN_Tx_2+WPAN_Tx_3+WPAN_Tx_ot her * (WLAN_BANDW DTH-

3) +WLAN_Rx_next ;

br eak;
case 2:
sf = WPAN_Tx_2+WPAN_Tx_3+WPAN_Tx_ot her * (WLAN_BANDW DTH- 2) +WLAN_Rx_m ddl e;
br eak;
case 3:
sf = WPAN_Tx_3+WPAN_Tx_ot her * (WLAN_BANDW DTH- 1) +W.AN_Rx_mi ddl e;
br eak;
defaul t:
if(freq_dif<HALF_WL.AN_BANDW DTH) {
sf = WPAN_Tx_ot her * WLAN_BANDW DTH+W_LAN_Rx_mi ddl e;

br eak;

}

el se{
sf = WPAN_Tx_ot her * W.AN_BANDW DTH+W.AN_Rx_ot her;
br eak;

}

}
if (Dest.type == WLAN11 || Dest.type == W.LAN55)
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sf *=CCK factor;
return(sf);
}
else { //both src and dest W.AN
switch(abs(Src. frequency-Dest.frequency)) {
case O:
return(l1.0);
case 11:
return(0.5);
case 22:
return( WLAN_Rx_next/11+W.AN_Tx_next);
defaul t:
return( WLAN_Rx_ot her +WLAN_Tx_ot her);
}

}

[*-- dobal Function ----------cmmm o */

voi d Cal cul ateAnal ytical BER(int n, Transm ssion tlist[])
{// n should be the length of tlist
doubl e EbNo;
for (int dst= 0; dst < n ; dst++) { //for each dest
doubl e Eb, No;
No=0;
for (int src = 0; src < n; src++) { //calculate the power from each source
doubl e pd, sf, pwr;
sf =SpectrunfFactor(tlist[src],tlist[dst]);
pd=Power Di stance(tlist[src],tlist[dst]);
pwr =sf *pd;
#i f defined(_DEBUG )
printf("rcpt power from%d to % = %1.5g * %l.59 = %l.5g\n", src, dst, sf,

pd, pwr);
#endi f
if (src==dst)
/1 if src and dest are fromthe sanme transm ssion pair,
/'l pwr is signal power
Eb=pwr * Tc;
el se
/1 if not fromthe sanme transm ssion pair,
/'l pwr is interference power
No+=pwr ;
}

EbNo=Eb/ No; // calculate the EbNo for each dest
// need to calc BER from SNR
doubl e berO;
switch (tlist[dst].type) {
case WPAN:
ber 0 = WPAN_BER( EbNo) ;
br eak;
case WLAN11:
ber0 = WLAN_BER _11( EbNo) ;
br eak;
case WLANS5:
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ber0 = WLAN_BER 55( EbNo) ;
br eak;
case WLANL:
ber0 = WLAN_BER_1( EbNo) ;
br eak;
case WLANZ2:
ber0 = WLAN_BER 2( EbNo) ;
br eak;
def aul t:
printf("Unknown Modul ati onType");

}

#i f defined(_DEBUG)

printf("EbNo for Transm ssion % = %l.5g\n", dst, EbNo);
printf("BER for Transm ssion %d = %l.5g\n", dst, berO0);
#endi f

tlist[dst].BER = ber0
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